Aims/hypothesis Atrial fibrillation (AF) is more frequent in patients with diabetes than in the general population. However, characteristics contributing to AF risk in diabetes remain speculative. Methods Observational study of 83,162 patients with type 2 diabetes, aged 30-79 years, with no baseline AF, 17% had history of cardiovascular disease (CVD) and 3.3% history of congestive heart failure (CHF), followed up for development of AF during mean 6.8 years from 2005-2007 to 2012. A subgroup of 67,780 patients without history of CVD or CHF was also analysed. Results Using Cox regression, cardiovascular risk factors associated with risk for AF were updated mean BMI (HR 1.31 per 5 kg/m 2 ) or obesity (HR 1.51), updated mean systolic BP (SBP; HR 1.13 per 10 mmHg) or hypertension (HR 1.71), and cumulative microalbuminuria (HR 1.21), p<0.001 for all analyses. Male sex, increasing age and height were also significant predictors. HRs were 1.76 for a history of CHF and 2.56 for in-study CHF, while 1.32 for history of CVD and 1.38 for in-study CHD (p<0.001). Among patients without history of CVD or CHF, significant predictors were similarly BMI, SBP, and cumulative microalbuminuria and CHF. The risk of AF differed in the subgroups achieving or not achieving a target BP < 140/85 mmHg. The HRs for AF were (per 10 mmHg increase) 0.88 and 1.24, respectively. Conclusions/interpretation The modifiable risk factors high BP, high BMI and albuminuria were strongly associated with AF in type 2 diabetes. CVD, advancing age and height were also associated with AF in type 2 diabetes.
Introduction
Atrial fibrillation (AF) is one of the most common cardiac arrhythmias in the general population [1] . It is a strong risk factor for stroke and cardiovascular mortality, and it is associated with congestive heart failure (CHF) [2, 3] . Risk factors for development of AF in the general population have been shown to be intrinsic cardiac causes like CHF and valve disease, and also cardiovascular risk factors like hypertension, obesity and smoking [4] [5] [6] [7] [8] [9] . A meta-analysis found a smaller increased risk of 1.24 (1.06-1.40) for AF with diabetes than Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3666-9) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
with no diabetes in studies adjusting for multiple risk factors [10] . However, a recent women's health study found that the increased risk associated with type 2 diabetes was mainly mediated by changes in other AF risk factors [11] .
Further, AF has been shown to have a strong impact on risk for cardiovascular complications and mortality in patients with type 2 diabetes [12, 13] , who generally have risks of cardiovascular complications at least twice as high as in those without diabetes [14, 15] . With this background, it is a particularly important task to estimate risk factors for AF in patients with diabetes. To our knowledge, such studies have not been presented previously.
The aim of this study was to assess various risk factors associated with the development of AF in an observational cohort study of patients with type 2 diabetes obtained from the Swedish National Diabetes Register (NDR).
Methods
The Swedish NDR The NDR was initiated in 1996 as a tool for quality assurance and improvement in diabetes care with local feedback. Annual reporting to the NDR is carried out by trained physicians and nurses via the internet or via clinical records databases, with information collected during patient visits at hospital outpatient clinics and primary healthcare centres nationwide. All included patients have agreed by informed consent to register before inclusion. The Regional Ethics Review Board at the University of Gothenburg approved this study. Several reports concerning trends in risk factor control and risk prediction in the NDR have been published previously [13, [16] [17] [18] [19] [20] [21] .
Patients In this study, we assessed several risk factors for the development of AF in an observational study of patients with type 2 diabetes. Patients were treated in daily practice at primary healthcare clinics and hospitals. We used AF diagnoses in Swedish national in-patient and mortality registers, kept by the National Board of Health and Welfare, as these registers have been shown to have good validity for AF classification indicating feasibility for use in prospective studies, compared with examination by electrocardiograms [7] . Linkage of registers was performed using the unique person identity number (PIN).
We included 83,162 female and male patients with type 2 diabetes registered in the NDR, with data available for all analysed variables, without AF at study baseline. They were followed prospectively from baseline years 2005-2007 to final year 2012 for the development of AF. The inclusion criteria were age range 30-79 years, baseline BMI ≥18 kg/m 2 , HbA 1c ≥5.0% (38 mmol/mol), plasma creatinine <150 μmol/l and no history of bariatric surgery. A subgroup of 67,780 patients without AF, no history of cardiovascular disease (CVD) and no history of CHF at baseline was also analysed.
The definition of type 2 diabetes was treatment with diet only, oral hypoglycaemic agents only, or onset age of diabetes ≥40 years and insulin only or combined with oral agents. Only 0.4% of the patients had an onset age <30 years, and 2% had onset age <40 years.
Examinations at baseline Clinical characteristics at baseline in 2005-2007 were type of hypoglycaemic treatment, age, diabetes duration, sex, systolic BP (SBP), HbA 1c , weight, height, smoking, total cholesterol and HDL-cholesterol, triacylglycerols, cumulative microalbuminuria, plasma creatinine, use of antihypertensive drugs and lipid-lowering drugs, and a history of CVD or a history of CHF defined using registry data as described below. We stratified educational levels into lower (≤9 years), intermediate (10) (11) (12) . A smoker was defined as a patient smoking one or more cigarettes per day, or smoking tobacco using a pipe, or who had stopped smoking within the past 3 months. The Swedish standard for BP recording, used in the NDR, is the mean value (mmHg) of two supine readings (Korotkoff 1-5) with a cuff of appropriate size, after at least 5 min of rest. Hypertension was defined as treated with antihypertensive drugs or untreated with BP ≥140/90 mmHg. HbA 1c analyses were quality assured nationwide by regular calibration with the HPLC Mono-S method, and HbA 1c values were converted to the DCCT standard for use in this study using the formula: HbA 1c (%, DCCT) = 0.923 × HbA 1c (Mono-S) + 1.345; R 2 = 0.998 [22] , and also to International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) standard (mmol/mol). Albuminuria was defined as cumulative, urine albumin excretion >20 μg/min in two out of three consecutive tests (microalbuminuria or macroalbuminuria).
Registry data exposure at baseline and in-study All events were retrieved by data linkage with the Swedish Cause of Death and Hospital Discharge Registers, which is a reliable validated alternative to revised hospital discharge and death certificates [23, 24] . AF diagnosed before or at baseline was defined as ICD-10 (www.who.int/classifications/icd/en/) code I48. A history of CVD before baseline was defined as nonfatal CHD or nonfatal stroke, whichever came first. Nonfatal CHD was defined as nonfatal myocardial infarction (ICD-10 code I21), unstable angina (ICD-10 code I20.0), percutaneous coronary intervention and/or coronary artery bypass grafting. Stroke was defined as cerebral infarction, intracerebral haemorrhage or unspecified stroke (ICD-10 codes I61, I63, I64, I67.9). Furthermore, in-study CHF during follow-up was defined as I50, and in-study myocardial infarction during follow-up was defined as nonfatal myocardial infarction (ICD-10 code I21).
Definition of outcome at follow-up The endpoint used in this study was AF defined as ICD-10 code I48. All patients were followed from the baseline examination until diagnosis of AF, death, or otherwise until censor date 31 December 2012. Mean follow-up was 6.8 years.
Statistical methods Baseline characteristics in all patients, and in those with or without AF as outcome during followup, are presented as means ± 1 SD or frequencies in Table 1 Table 2 for all patients and Tables 3 and 4 for various subgroups. The proportional hazards assumption was confirmed for all covariates with the test of all time-dependent covariates simultaneously introduced. Interactions between the risk factor predictors were analysed with maximum likelihood estimation and found to be non-significant (p>0.05). All variables in Table 1 We also analysed updated mean values for BMI and SBP, introduced instead of the baseline values in analyses presented in Tables 2 and 3 as strictly time-dependent variables at the Cox regressions, with each of these variables measured over time as an updated mean of annual measurements, calculated for each individual from baseline to each year of follow-up, with the last observation carried forward for missing data. In case of an event during follow-up, the period for estimating updated mean BMI or SBP was from baseline to the year before this event occurred. Otherwise this period was from baseline to the censor year. Similarly, updated values for instudy CHF and CHD during the study period were introduced as strictly time-dependent variables in these Cox regressions.
A Cox model was also used to estimate 7 year incidence (1-survival rate) for AF ( Fig. 1) , where model output was the adjusted 7 year incidence in each participant, adjusted for covariates as given in Table 2 . Both age and the square of age, or correspondingly SBP and the square of SBP, or BMI and the square of BMI, were included in the Cox model to analyse nonlinear relationships. The output was further transformed by SAS Proc Transreg (http://support.sas.com/ documentation/cdl/en/statug/63033/HTML/default/viewer. htm#statug_transreg_sect006.htm) to produce graphical spline outputs, with nine knots at the predictor deciles, allowing for the spline to bend at all knots for maximal adoption to data.
The population attributable risk (PAR) was estimated as P e (HR e −1 )/[1+P e (HR e −1 )], where P e is the prevalence of the exposure (e.g. proportion of obesity) and HR e is the HR of disease due to that exposure. PAR indicates the proportion of cases that would be avoided in a population if the factor were eliminated, and depends on the prevalence of the risk factor and the magnitude of its association with the disease (HR) [25] .
Results Table 1 presents baseline characteristics of all 83,162 patients, with mean age 64.1 years, 58% male sex and mean diabetes duration 7.9 years. Obesity was found in 43%, while 16% of all patients were smokers. Antihypertensive agents were given to 72% and hypertension was found in 82%. Lipid-lowering agents were given to 56% of participants. A history of CVD was present in 17%, and a history of CHF in 3.3%. Separating all patients into those with or without AF during follow-up showed that those with AF had significantly higher mean age (68 years), diabetes duration, BMI, blood lipids and BP, as well as more males, obesity, albuminuria, hypertension and history of CVD and CHF. The subgroup of 67,780 patients with no history of CHF or CVD showed similar means and frequencies.
The incidence rates (%) and the incidence rates per 1000 person-years for AF were 5.0% and 9.2 in all patients, with 5.4% and 9.9 in males, 4.5% and 8.2 in females (ESM Table 1 ). Corresponding data in subgroups by quartiles of age or quartiles of diabetes duration are also presented in ESM Table 1 . In all patients, incidence increased considerably from 1.9% in people aged 30-58 years, to 4.0% in people aged 59-64 years, to 6.1% in people aged 65-71 years and to 8.0% in people aged 72-79 years (p for trend < 0.001). Corresponding incidences by increasing quartiles of duration were 4.2%, 4.6%, 5.0% and 6.1% (p<0.001). Table 2 shows adjusted HRs with baseline predictor values for the development of AF using Cox regression in all 83,162 patients, followed up for mean 6.8 years with 451,507 personyears. Independent predictors were age (HR 2.00 per 10 years), BMI (HR 1.30 per 5 kg/m 2 increase in BMI), SBP (HR 1.04 per 10 mmHg increase), cumulative albuminuria (HR 1.25), male sex (HR 1.39), history of CHF (HR 1.61) and history of CVD (HR 1.32), all p<0.001.
A complementary analysis using baseline body weight and height instead of BMI as predictors yielded HR 1.22 per 10 kg increase in body weight and 1.15 per dm increase in height, both p<0.001 (ESM Table 2 ). Furthermore, complementary use of obesity instead of baseline BMI and hypertension instead of baseline SBP yielded HR 1.51 for obesity and 1.71 for hypertension, both p<0.001 (ESM Table 2 ).
Somewhat increased HRs compared with using baseline values in all patients were seen when using updated mean values of BMI and SBP, with HR increasing to 1.31 for updated mean BMI and to 1.13 for updated mean SBP (see Table 2 ). Furthermore, HR for in-study CHF and in-study CHD were 2.56 and 1.38, all p<0.001. Table 3 presents the subgroup of 67,780 patients without history of CVD or CHF at baseline. Similar HRs were also seen with the highest HR for updated mean BMI (HR 1.33 per 5 units), updated mean SBP (HR 1.14 per 10 mmHg), albuminuria (HR 1.22) and instudy CHF (HR 2.69), all p <0.001.
Subgroup with no previous CHF/CVD

Subgroups by various predictors
The incidence of AF during 7 years of follow-up was 5.6% in patients with hypertension and 2.1% with normotension; 5.6% with BP ≥140/85 mmHg and 4.3% with BP <140/85 mmHg; 5.9% with obesity and 4.3% with normal or overweight; 6.5% with albuminuria and 4.5% with no albuminuria (all p < 0.001), while 5.0% with both HbA 1c <7% (54 mmol/mol) and ≥7%. Table 4 shows, among all patients, that subdivision by age below or above 65 years yielded somewhat higher HR among the younger patients for BMI, SBP, history of CHF or CVD, and in-study CHF or CHD, and the effects of most predictors were inconsistent across the age subgroups due to significant interactions. Concerning the BP treatment target of 140/85 mmHg, those below or above this target had similar HR for most risk factors, and only BMI was inconsistent across the BP subgroups due to a clearly significant interaction. However, the SBP-mediated risk per 10 mmHg for AF over the whole BP range differed in the subgroup achieving the target <140/85 mmHg, HR 0.88 with a J-shaped risk curve, in comparison with those with BP ≥140/85 mmHg, where the HR was 1.24 per 10 mmHg.
Those with HbA 1c below or above the treatment target level of 7% had almost similar HR for most risk factors, although the effects for previous and in-study CHF and in-study CHD were somewhat higher with HbA 1c <7% (54 mmol/mol), and the effects of the predictors were consistent across the HbA 1c subgroups due to non-significant interactions.
Correspondingly, in the subgroup with no history of CHF or CVD, Fig. 1 shows B-splines in a Cox model for 7 year AF incidence across the distributions of age, SBP or BMI. It is seen that a J-curve exists for SBP below 110 mmHg, although 
Discussion
This large observational study of patients with type 2 diabetes aged 30-79 years showed a high incidence for development of AF when followed for 7 years. We found high HRs for AF using Cox regression with structural cardiac disease (previous or in-study CHF, previous CVD, in-study CHD), with increasing cardiovascular risk factors (BP/hypertension, BMI/obesity and cumulative microalbuminuria), and also with increasing height, after adjustment for clinical characteristics, other conventional risk factors and treatment. Furthermore, a J-curve was observed for SBP below 110 mmHg. To the best of our knowledge, this is the first study of risk factors for AF in type 2 diabetes patients, and should be of particular interest as AF is a strong risk factor for stroke, CHF and cardiovascular mortality [2, 3] , and as such complications generally are around twice as common in middle-aged and elderly patients with diabetes than in those with no diabetes [14, 15] . Others have found incidences of AF among middle-aged and elderly people in the general population of 5-10% when followed for 10 years [5, 7] , while we found around 4-6% in patients with type 2 diabetes followed for 7 years. Estimating incidences per 1000 person-years, the rate was 2-8 per 1000
person-years at ages 50 to 75 years in the general population [4, [7] [8] [9] 26] , while around 7-15 per 1000 person-years in the corresponding age interval of our study. In older people, however, the Framingham study found incidence of 15-17 per 1000 person-years in individuals aged 75-79 years [4] , similar to our study. To summarise, incidence rates of AF in middleaged up to 75 years tended to be around two times higher among our type 2 diabetes patients than in the general population, which is a higher risk estimate than the risk increase of 25-40% with diabetes compared with patients without diabetes presented in a recent meta-analysis [10] .
Concerning studies analysing risk factors for AF in the general population, the Framingham study using timeupdated logistic regression [4] , or Cox regression [5] , found highly significant risks for AF with advancing age, hypertension, obesity, smoking, previous CHF, myocardial infarction and valve disease. The Malmö study [7] found highly significant risks for AF with obesity (HR 1.88), hypertension (HR 1.78), current smoking (HR 1.2), history of CHF (HR 4.5) and history of myocardial infarction (HR 2.0) at Cox regression. The Atherosclerosis Risk in Communities (ARIC) study [9] found the highest risks for AF with hypertension, obesity, smoking and previous cardiac disease.
It has been speculated as to whether longer diabetes duration and higher HbA 1c levels may be associated with risk for AF [27] . Although we could not verify such an association, it should be pointed out that others have verified an association between high HbA 1c values and increased risk for CHF [28] , where CHF per se is a risk factor for AF.
Cumulative microalbuminuria and macroalbuminuria as risk factors for AF in diabetes have not been described previously in the literature. As HbA 1c is associated with development of albuminuria as a marker for diabetic microangiopathy, and also as albuminuria has a strong association with the risk of CVD in type 2 diabetes, this underscores the importance of glycaemic-lowering treatment with the aim to avoid the development of albuminuria. Our finding of high HR for AF of 1.71 with hypertension is affected by the high prevalence of hypertension at study baseline. However, as hypertension is frequent in type 2 diabetes, with a prevalence of 87% in a cross-sectional NDR survey of 180,369 patients in 2009 (although lower in subgroups with ages 30-39, 40-49 and 50-59 years: 40%, 60% and 77%, respectively [29] ), this implies that treatment of hypertension should be an important task in order to reduce the incidence of AF. This study showed increasing AF risk with higher SBP, but also a J-curve shaped association at the lowest SBP values. This J-curve was clearly demonstrated for SBP 110 mmHg or below in the subgroup with no history of CHF or CVD (see Fig. 1c ), implying that this effect was not due to reverse causation by previous CHF or CVD.
Obesity was strongly associated with risk for AF in this study of patients with type 2 diabetes, and also in other studies of the general population. As obesity can be regarded as a marker for insulin resistance, it has been speculated that insulin resistance is a background risk factor for AF as an underlying pathophysiological mechanism [6] . The Gothenburg study has reported that obesity as a risk factor for AF is affected by large body size in youth and weight gain during early life as specific characteristics of obesity. Cross-sectional findings among patients with type 2 diabetes in the NDR have shown a high proportion of obesity-39% of males and 46% of females [30] . A large 5 year study in the general population found that adjusted HR for AF was 1.08 per kg/m 2 increase in BMI [31] . If obesity can be regarded as a causative factor for AF, this implies that further studies on the effect of intensified measures for improved lifestyle on risk for AF should be of value in type 2 diabetes. A recent smaller study showed that weight reduction combined with close management of hypertension and other risk factors results in fewer AF events and less symptom burden in patients with symptomatic AF and BMI >27 kg/m 2 compared with no weight reduction, i.e. risk factor management alone [32] . One study found that the increased risk for AF with obesity was highest in patients with an enlarged left atrium [33] , and a Framingham study implied that the increased risk of AF associated with obesity appears to be mediated by left atrial dilatation [34] .
The main strengths of the present study are the large number of participants, including patients from a nationwide diabetes register with high coverage containing data from daily clinical practice representing real-life situations, and with no exclusion criteria regarding risk factors. Follow-up of outcomes was assured for all patients with the use of data linkage to outcome registers, which is a proven reliable and validated method. Furthermore, both baseline data and data obtained yearly during follow-up were taken into account. The limitations of this study were that we had no data on valvular heart disease, echocardiographic cardiac features, specific types of antihypertensive drug treatments or specific diets used. Although unknown covariates cannot be excluded, extensive adjustments were performed for clinical characteristics, conventional risk factors, drug treatment and previous diseases. Fig. 1 (a-f) Conclusion In conclusion, observed incidence rates of AF tended to be high, especially in middle-aged and elderly patients with type 2 diabetes. Prevention of AF is of paramount importance with early detection of risk factors for AF if possible, especially as incidence increases with an ageing population. AF has life-threatening sequelae with development of thromboembolic events and heart failure [35, 36] . This study showed that strong independent risk factors for AF in type 2 diabetes were high SBP/hypertension, high BMI/obesity and albuminuria as a marker for microangiopathic cardiac disease. Furthermore, CHF, advancing age and height were also associated with higher AF risk.
